Influenza virus is a common respiratory tract viral infection. Although influenza can be fatal in patients with chronic pulmonary diseases such as chronic obstructive pulmonary disease, its pathogenesis is not fully understood. The Nrf2-mediated antioxidant system is essential to protect the lungs from oxidative injury and inflammation. In the present study, we investigated the role of Nrf2 in protection against influenza virusinduced pulmonary inflammation after cigarette smoke exposure with both in vitro and in vivo approaches. For in vitro analyses, peritoneal macrophages isolated from wild-type and Nrf2-deficient mice were treated with poly(I:C) and/or cigarette smoke extract. For in vivo analysis, these mice were infected with influenza A virus with or without exposure to cigarette smoke. In Nrf2-deficient macrophages, NF-B activation and the induction of its target inflammatory genes were enhanced after costimulation with cigarette smoke extract and poly(I:C) compared with wild-type macrophages. The induction of antioxidant genes was observed for the lungs of wild-type mice but not those of Nrf2-deficient mice after cigarette smoke exposure. Cigarette smoke-exposed Nrf2-deficient mice showed higher rates of mortality than did wild-type mice after influenza virus infection, with enhanced peribronchial inflammation, lung permeability damage, and mucus hypersecretion. Lung oxidant levels and NF-B-mediated inflammatory gene expression in the lungs were also enhanced in Nrf2-deficient mice. Our data indicate that the antioxidant pathway controlled by Nrf2 is pivotal for protection against the development of influenza virus-induced pulmonary inflammation and injury under oxidative conditions.
Influenza virus (FluV), including types A, B, and C, is a ubiquitous airway pathogen especially prevalent in the winter season. Type A FluV is the most virulent human pathogen of the three and sometimes gives rise to human influenza pandemics, such as the 2009 swine-origin flu (6) . FluV infection is associated with exacerbations of various pulmonary diseases, particularly acute exacerbations in chronic obstructive pulmonary disease (COPD) (12, 38) . Recent studies have demonstrated that the severity of infection in patients with COPD depends on both viral and host factors (24) .
FluV infection induces several host immune and inflammatory responses via Toll-like receptor 3 (TLR3), which is expressed on myeloid dendritic cells, macrophages, and respiratory epithelial cells and recognizes viral double-stranded RNA (dsRNA) (39) . In response to dsRNA stimulation, TLR3 recruits its adaptor protein TRIF, which indirectly activates the transcription factors interferon regulatory factor 3 (IRF-3) and nuclear factor B (NF-B) (19) . IRF-3 then induces the expression of beta interferon (IFN-␤), while NF-B induces the genes that encode inflammatory cytokines such as tumor necrosis factor alpha (TNF-␣) and CXC chemokines such as interleukin-8 (IL-8), macrophage inflammatory protein 2 (MIP-2), and keratinocyte-derived chemokine (KC). NF-B has been described to be a redox-sensitive transcription factor, and it can be activated by reactive oxygen species (ROS) (26) . These findings suggest that the costimulation of macrophages with TLR3 ligands and ROS would enhance the activation of NF-B.
It was demonstrated previously that cigarette smoke (CS), which contains a variety of oxidants, activates NF-B, particularly in macrophages (40) . The level of nuclear translocation of NF-B was significantly higher in the lungs of healthy smokers and current smokers with COPD than in ex-smokers with COPD, suggesting that NF-B activation is most influenced by current smoking status (33) . Smoking cessation was demonstrated previously to reduce the risk of COPD exacerbation (3) . These findings indicate that FluV infection under oxidative conditions induced by smoke exposure strongly enhances pulmonary inflammation by the activation of NF-B, followed by the induction of proinflammatory gene expression. It is also possible that the antioxidant capacity of the host might be a critical factor in regulating susceptibility to COPD exacerbation after FluV infection.
Mammalian cells produce several antioxidant enzymes and defense proteins against environmental and oxidative stimuli. The transactivation of the majority of antioxidant and defense genes is regulated by Nrf2 through binding to antioxidant response elements (AREs) on their 5Ј promoters. Nrf2 is a member of the family of cap'n'collar basic leucine zipper transcription factors expressed abundantly in macrophages (17) . A protective role of Nrf2 was demonstrated previously with animal models of oxidant-related pulmonary disorders such as emphysema (16, 28) , acute lung injury (10, 29) , and pulmonary fibrosis (9, 21) .
Therefore, we hypothesized that Nrf2 is a critical factor that protects against the development of pulmonary inflammation induced by FluV under oxidative conditions. We first investigated the effects of Nrf2 on the activation of NF-B after stimulation with both TLR3 ligands and cigarette smoke extract (CSE) using a macrophage culture system. We then investigated the role of Nrf2 in protection against the FluVinduced exacerbation of pulmonary inflammation during CS exposure using Nrf2-deficient (Nrf2 Ϫ/Ϫ ) mice.
a mouse monoclonal antibody to MUC5AC (1:200, clone 45M1; Thermo Fisher Scientific, Fremont, CA). After incubation with a horseradish peroxidase-conjugated goat anti-mouse IgG, the plate was developed with 3,3Ј,5,5Ј-tetramethylbenzidine (TMB) solution (Wako Pure Chemical Industries, Osaka, Japan), and the reaction was stopped with 1 M sulfuric acid. The absorbance was measured at 450 nm by using a spectrophotometer. Histopathology and immunohistochemistry. The lungs were fixed with 10% neutral buffered formalin with 25 cm of H 2 O pressure and embedded in paraffin. For histopathology, 2-m-thick sections were stained with hematoxylin and eosin for pathological evaluation and periodic acid-Schiff (PAS) reagent to identify neutral mucosubstances. For immunohistochemistry, 4-m-thick sections were immunostained with the above-mentioned anti-Nrf2 polyclonal antibody (1:200) or anti-8-hydroxy-deoxyguanosine (8-OHdG) monoclonal antibody (1 g/ml; Japan Institute for the Control of Aging, Shizuoka, Japan) after incubation with 3% hydrogen peroxide to inhibit endogenous peroxidase activity. The sections were developed by using a Histofine mouse stain kit (Nichirei Biosciences, Tokyo, Japan) and a diaminobenzidine (DAB) solution according to the manufacturer's instructions. Finally, the sections were counterstained with methyl green or hematoxylin.
Lung water content. The whole-lung weight was measured before and after drying at 80°C for 48 h to calculate ratios.
Statistics. Data are expressed as the means Ϯ standard errors of the means (SEM). Multiple comparisons were performed by using one-way analysis of variance (ANOVA) and a post hoc Student-Newman-Kuels test. Body weight and viral load data were analyzed by two-way ANOVA and a post hoc StudentNewman-Kuels test. Survival data were analyzed by the Kaplan-Meier method and log rank test. P values of Ͻ0.05 were considered to be statistically significant.
RESULTS
Effects of Nrf2 on the induction of immune-and inflammatory-related genes in macrophages. The innate immune system is the primary defense mechanism against infectious pathogens. Macrophages play an important role in the regulation of immune and inflammatory responses against environmental stimuli such as viral infections and CS. We initially assessed the activation of immune-related transcription factors and the expression of proinflammatory cytokines and chemokines in peritoneal macrophages obtained from WT mice and Nrf2 Ϫ/Ϫ mice in response to CSE or poly(I:C). The nuclear translocation of NF-B and IRF-3 proteins increased in a dose-dependent manner in Nrf2 Ϫ/Ϫ macrophages 6 h after exposure to CSE. Similar results were seen with Nrf2 Ϫ/Ϫ macrophages after exposure to 5% CSE at the same time point (Fig. 1A) , while there was no difference in nuclear translocation in WT macrophages after exposure to CSE (Fig. 1A) . However, the nuclear translocation of Nrf2 increased in WT macrophages 6 h after exposure to CSE in a dose-dependent manner (Fig. 1A) . As expected, Nrf2 was not detected in Nrf2 Ϫ/Ϫ macrophages. The nuclear translocation of the NF-B and IRF-3 proteins increased in both WT and Nrf2
Ϫ/Ϫ macrophages 6 h after exposure to poly(I:C). However, there was no difference in the levels of NF-B between WT and Nrf2 Ϫ/Ϫ macrophages (Fig.  1B) and only a slight increase in nuclear IRF-3 levels in Nrf2 Ϫ/Ϫ macrophages after treatment with 30 g/ml poly(I:C) (Fig. 1B) . The level of nuclear translocation of Nrf2 slightly increased in WT macrophages in response to poly(I:C) stimulation (Fig. 1B) .
The expression of TNF-␣ and MIP-2 mRNAs increased significantly in Nrf2 Ϫ/Ϫ macrophages 24 h after exposure to 5% CSE (Fig. 1C) , with significantly higher increases observed for Nrf2 Ϫ/Ϫ macrophages than for WT macrophages (Fig. 1C) . The IFN-␤ mRNA expression level was also significantly increased in Nrf2 Ϫ/Ϫ macrophages after exposure to 2.5% and 5% CSE, compared with CSE-unexposed control and WT macrophages (Fig. 1C) . The expression levels of TNF-␣ and MIP-2 mRNAs increased after 24 h of exposure to poly(I:C) in both WT and Nrf2 Ϫ/Ϫ macrophages. The expression level was on November 12, 2017 by guest http://jvi.asm.org/ significantly higher in Nrf2 Ϫ/Ϫ macrophages than in WT macrophages following exposure to 3 g/ml poly(I:C) (Fig. 1D) . The level of expression of IFN-␤ mRNA increased in Nrf2 Ϫ/Ϫ macrophages but not in WT macrophages after 24 h of exposure to poly(I:C), with significant differences in expression observed after exposure to 3 and 30 g/ml poly(I:C) (Fig. 1D) . These results indicate that Nrf2 Ϫ/Ϫ macrophages are more sensitive to CSE and poly(I:C) in terms of their induction of immune-and inflammatory-related genes.
Effects of Nrf2 on NF-B-mediated inflammatory gene expression in CSE-and poly(I:C)-exposed macrophages. To assess the effect of Nrf2 on poly(I:C)-activated signaling pathways under conditions of oxidative stress, macrophages were cotreated with 5% CSE and 3 g/ml poly(I:C). In WT macrophages, NF-B was activated by poly(I:C), but not by CSE, 6 h after treatment ( Fig. 2A) . The poly(I:C)-stimulated activation of NF-B was attenuated by cotreatment with CSE ( Fig. 2A) . However, NF-B was activated by poly(I:C), CSE, or both 24 h after treatment in these cells (Fig. 2B ). On the other hand, the activation of NF-B was CSE dependent in Nrf2 Ϫ/Ϫ macrophages both 6 h and 24 h after the treatment, with marked increases in the nuclear translocation of NF-B and protein following exposure to CSE or after cotreatment with CSE and poly(I:C) ( Fig. 2A and B) . Although an obvious activation of IRF-3 was not observed 6 h after treatment with poly(I:C) or CSE, its nuclear translocation was enhanced 24 h after exposure to CS or cotreatment with CSE and poly(I:C) in WT macrophages ( Fig. 2A and B) . The activation of IRF-3 was greatly enhanced 6 h and 24 h following exposure to CSE or after cotreatment with CSE and poly(I:C) in Nrf2 Ϫ/Ϫ macrophages ( Fig. 2A and B) . The activation of Nrf2 was also CSE dependent in WT macrophages; the nuclear translocation of Nrf2 was enhanced after exposure to CSE or after cotreatment with CSE and poly(I:C) both 6 h and 24 h after treatment ( Fig.  2A 
and B). Nrf2 was not detected in Nrf2
Ϫ/Ϫ macrophages at any time point ( Fig. 2A and B) .
We then assessed the expressions of NF-B and IRF-3 target genes 24 h after cotreatment with CSE and poly(I:C). ϩ/ϩ and Nrf2 Ϫ/Ϫ mice 6 h (A) and 24 h (B) after exposure to 5% CSE, 3 g/ml poly(I:C) (poly), or both (CSEϩpoly). Lamin B was used as an internal control (Cont). (C) mRNA expressions of MIP-2, KC, and IFN-␤ in peritoneal macrophages of Nrf2 ϩ/ϩ and Nrf2 Ϫ/Ϫ mice after exposure to 5% CSE, 3 g/ml poly(I:C) (poly), or both (CSEϩpoly). Each expression was normalized against
Although the levels of expression of MIP-2 mRNA markedly increased in both WT and Nrf2 Ϫ/Ϫ macrophages after treatment with poly(I:C), the expression level was not different between genotypes regardless of CSE treatment (Fig. 2C) . However, marked increases in the levels of expression of KC mRNA were seen specifically for Nrf2 Ϫ/Ϫ macrophages after treatment with poly(I:C) or cotreatment with CSE and poly(I:C) (Fig. 2C ). The expression level was higher after cotreatment with CSE and poly(I:C) than after treatment with poly(I:C) alone (Fig. 2C ). The expression of IFN-␤ paralleled the nuclear translocation of IRF-3 in Nrf2 Ϫ/Ϫ macrophages; the expression level was markedly increased after exposure to CSE or after cotreatment with CSE and poly(I:C) (Fig. 2C) . The level of expression of IFN-␤ did not increase after the cotreatment for WT macrophages (Fig. 2C ). These results indicate that oxidative conditions enhance the poly(I:C)-mediated activation of NF-B and IRF-3 and the induction of their targeted genes in Nrf2 Ϫ/Ϫ macrophages. Protective effects of Nrf2 on CS-induced pulmonary inflammation. To clarify the effects of Nrf2 on CS-induced pulmonary inflammation, WT mice and Nrf2 Ϫ/Ϫ mice were exposed to CS. Although the numbers of total cells, macrophages, and neutrophils were increased in the BAL fluids of WT and Nrf2 Ϫ/Ϫ mice after exposure to CS for 4 consecutive days, cell numbers were significantly higher in Nrf2 Ϫ/Ϫ mice than in WT mice (Fig. 3A) .
To reveal whether the protective effects of Nrf2 are mediated through the transactivation of its targeted cellular defense genes, the expressions of NQO1, GCLC, GCLM, and HO-1 mRNAs in the lungs of WT and Nrf2 Ϫ/Ϫ mice after exposure to CS were evaluated. A significant increase in their mRNA expression levels was found for the lungs of WT mice in response to CS stimuli (Fig. 3B) . The expression levels of NQO1, GCLC, GCLM, and HO-1 were also significantly lower in
Nrf2
Ϫ/Ϫ mice than in WT mice after exposure to CS (Fig. 3B ). These results indicate that Nrf2 helps to protect against the development of CS-induced pulmonary inflammation by mediating the induction of antioxidant genes.
Protective effects of Nrf2 on FluV infection exacerbations induced by CS. Since the activation of NF-B and the expression of its targeted inflammatory genes were enhanced after cotreatment with CSE and poly(I:C) in Nrf2 Ϫ/Ϫ macrophages, the severity of FluV infection was examined with WT and Nrf2 Ϫ/Ϫ mice with or without exposure to CS. There was no significant difference in mortality rates between WT and Nrf2 Ϫ/Ϫ mice after FluV infection alone (57% and 74%, respectively) (Fig. 4A) . The mortality rate for the CS-plus-FluV group was increased significantly over that for the FluV group of WT and Nrf2 Ϫ/Ϫ mice. In the CS-plus-FluV groups, the mortality rate was significantly higher for Nrf2 Ϫ/Ϫ mice than for WT mice; all of the Nrf2 Ϫ/Ϫ mice died by day 10, whereas there were still WT mice alive at day 14 (Fig. 4A) .
The severity of FluV infection was also evaluated by monitoring changes in the body weights of mice of both genotypes. Body weight loss was observed for WT and Nrf2 Ϫ/Ϫ mice 7 days after FluV infection (Fig. 4B) . In Nrf2 Ϫ/Ϫ mice, FluV infection-caused body weight loss was significantly greater in the CS-plus-FluV group than in the FluV group, and this was significantly greater than that in CS-and FluV-treated WT mice (Fig. 4B) . These results indicate that FluV infection exacerbations induced by CS exposure are much more severe in Nrf2 Ϫ/Ϫ mice. To clarify whether Nrf2 directly affects the replication and clearance of FluV, the viral load was evaluated 1, 3, and 7 days after FluV infection with or without exposure to CS in the lungs of WT and Nrf2 Ϫ/Ϫ mice. There was no difference in the viral loads between WT mice and Nrf2 Ϫ/Ϫ mice at any time point, and there was no effect of CS exposure. 
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Activation of Nrf2 in alveolar macrophages. To clarify whether Nrf2 is activated in the lung tissue after FluV infection of CS-exposed mice, immunohistochemical analysis was performed 7 days post-FluV infection for the CS-plus-FluV groups. Strong Nrf2 staining was observed for alveolar macrophages (Fig. 5B) but not for the bronchial epithelial cells (Fig.  5A ) of WT mice. In contrast, there was no Nrf2 staining observed for Nrf2 Ϫ/Ϫ lung tissue ( Fig. 5A and B) , indicating that the activation of Nrf2 occurs mainly in alveolar macrophages after costimulation with FluV and CS.
Increase in oxidative stress and inflammatory gene expression post-FluV infection in CS-exposed Nrf2 ؊/؊ mice. To clarify whether oxidative stress is enhanced in the lungs of Nrf2 Ϫ/Ϫ mice, the production of 8-OHdG, a cellular oxidative stress marker, was evaluated immunohistochemically 7 days postFluV infection. Positive staining for 8-OHdG was observed for WT and Nrf2 Ϫ/Ϫ mice in the FluV and CS-plus-FluV groups, particularly in alveolar macrophages (Fig. 6A) . The strongest staining was observed for the alveolar macrophages of Nrf2 Ϫ/Ϫ mice in the CS-plus-FluV group (Fig. 6A) . There was no staining observed for the lungs of either control group (Fig. 6A) .
Since the expression of inflammatory genes, such as TNF-␣ and KC, was enhanced in cultured Nrf2 Ϫ/Ϫ macrophages by stimulation with CSE and poly(I:C), we then evaluated their mRNA expression levels in BAL fluid cells and protein levels in BAL fluids of WT mice and Nrf2 Ϫ/Ϫ mice 7 days post-FluV infection. The expression levels of both TNF-␣ and KC mRNAs were significantly increased for both genotypes in the FluV and CS-plus-FluV groups (Fig. 6B) . In contrast to WT mice, Nrf2 Ϫ/Ϫ mice exhibited a significant increase in the expression levels of TNF-␣ and KC mRNAs in the CS-plus-FluV group compared to the FluV group (Fig. 6B) . In the CS-plusFluV group, the level of KC mRNA was significantly higher in Nrf2 Ϫ/Ϫ mice than in WT mice (Fig. 6B) . The concentrations of both TNF-␣ and KC were also significantly increased for both genotypes in the FluV and CS-plus-FluV groups (Fig.  6C) . The concentration of KC was significantly higher in the BAL fluids of Nrf2 Ϫ/Ϫ mice than in those of WT mice in the FluV and the CS-plus-FluV groups (Fig. 6C) .
We then assessed the lung histopathologies of both genotypes after FluV infection with or without exposure to CS. Inflammatory cells, both polymorphonuclear leukocytes and mononuclear cells, were infiltrated throughout the airspaces 7 days post-FluV infection in both WT mice and Nrf2 Ϫ/Ϫ mice. The inflammatory cell infiltration was most prominently observed for the peribronchial and perivascular regions with subepithelial edema (Fig. 7A) . Mucus was layered with degenerative epithelial cells in the bronchial lumen. These pathological changes were more severe for the CS-plus-FluV groups than for the FluV groups of both genotypes, with more severe phenotypes for the CS-plus-FluV group of Nrf2 Ϫ/Ϫ mice than for WT mice (Fig. 7A) . We next determined the levels of nuclear NF-B translocation in the lungs of both genotypes using Western blot analysis. The level of nuclear translocation of NF-B was elevated in the lungs of both genotypes in the FluV and CS-plus-FluV groups, with increased translocation observed for the CS-plus-FluV group of Nrf2 Ϫ/Ϫ mice compared to WT mice (Fig. 7B) . We then assessed the concentrations of the NF-B target proteins TNF-␣ and KC in the lungs of WT mice and Nrf2 Ϫ/Ϫ mice at 7 days post-FluV infection. The concentrations of TNF-␣ and KC were also increased in the lungs of both genotypes in the FluV and CS-plus-FluV groups (Fig. 7C) . In Nrf2 Ϫ/Ϫ mice, the concentrations of TNF-␣ and KC were significantly higher in the CS-plus-FluV group than in the FluV group, which were again higher than those in the corresponding groups of the WT mice (Fig. 7C) . These results indicate that NF-B-mediated inflammatory gene expression and pulmonary inflammation, dominantly occurring in the peribronchial region, are enhanced in the lungs of CS-exposed Nrf2 Ϫ/Ϫ mice after FluV infection. Protective effects of Nrf2 on FluV-induced lung permeability damage after CS exposure. FluV-induced lung permeability damage causes increased severity and mortality. We therefore assessed the protein concentrations in BAL fluids and the lung wet-to-dry weight ratio, both indicators of lung permeability damage, of WT mice and Nrf2 Ϫ/Ϫ mice at 7 days post-FluV infection. The protein levels in BAL fluids were markedly increased in WT and Nrf2 Ϫ/Ϫ mice of the FluV and CS-plusFluV groups compared with the levels in the corresponding control group (Fig. 8A) . For each genotype, the protein concentration was significantly higher in the CS-plus-FluV group than in the FluV group, with the level in Nrf2 Ϫ/Ϫ mice being significantly higher than that in the WT mice (Fig. 8A) .
Similarly, the lung wet-to-dry weight ratio was significantly increased in the CS-and FluV-treated WT and Nrf2 Ϫ/Ϫ mice compared with that of the FluV groups (Fig. 8B) , and this was significantly higher in Nrf2 Ϫ/Ϫ mice than in WT mice in the CS-plus-FluV group (Fig. 8B) . These results indicate that lung permeability damage is enhanced in the lungs of CS-exposed Nrf2 Ϫ/Ϫ mice after FluV infection. Protective effects of Nrf2 on FluV-induced mucus hyperproduction after CS exposure. Mucus hyperproduction and hypersecretion are some of the characteristic pathological features of an acute exacerbation of COPD. We therefore assessed the degree of mucus production in the airways of WT and Nrf2 Ϫ/Ϫ mice 7 days post-FluV infection. Mucus-producing PAS-positive cells were scarcely seen in the airway epithelium of each control group. Although the numbers of PAS-positive cells increased for both genotypes of mice after FluV infection, the number of PAS-positive cells was increased in the CS-plusFluV group compared with the numbers for the corresponding FluV group (Fig. 9A) . Numbers of PAS-positive cells in the CS-plus-FluV group of Nrf2 Ϫ/Ϫ mice were increased over those in WT mice (Fig. 9A) .
The degree of mucus secretion was also assessed by the measurement of MUC5AC in BAL fluids. The level of MUC5AC was significantly elevated in WT and Nrf2 Ϫ/Ϫ mice after FluV infection (Fig. 9B) . In the CS-plus-FluV group, the level of MUC5AC was significantly higher in Nrf2 Ϫ/Ϫ mice than in WT mice (Fig. 9B) . These results indicate that mucus production and secretion are enhanced in the epithelium of CS-exposed Nrf2 Ϫ/Ϫ mice after FluV infection.
DISCUSSION
In the present study, we demonstrated that mice lacking Nrf2 are highly susceptible to FluV infection under conditions of CS exposure. Nrf2 is a pivotal factor involved in cellular protection against oxidative stimuli, inducing several antioxidant genes. Correspondingly, the production of 8-OHdG, an oxidative stress marker, was enhanced in the lungs of Nrf2 Ϫ/Ϫ mice after exposure to FluV and CS. Moreover, the induction of antioxidant and phase II enzyme genes, found in the macrophages of WT mice in response to CS exposure, was not observed for Nrf2 Ϫ/Ϫ mice. These results suggest that the impairment of antioxidant defense contributes to the enhancement of FluV-induced pulmonary inflammation and injury under conditions of CS exposure in Nrf2 Ϫ/Ϫ mice. We demonstrated that the activation of NF-B and the induction of its targeted genes, such as TNF-␣ and KC, were enhanced in Nrf2 Ϫ/Ϫ mice after exposure to FluV and CS. NF-B is a transcription factor that plays a key role in the expression of various inflammatory genes, such as proinflammatory cytokines, adhesion molecules, chemokines, and respiratory mucins, in response to CS stimuli (1) . It was also demonstrated previously that viral infection upregulates a plethora of proinflammatory molecules, such as CXC and CC chemokines, in an NF-B-dependent manner (30, 42) . Taken together, the induction of NF-B-mediated inflammatory gene expression should be enhanced by CS exposure and viral infection. Thus, the activation of NF-B may contribute largely to viral infection-triggered exacerbations of oxidant-induced lung diseases such as COPD.
Although NF-B is expressed in a variety of cells, it was reported previously that the activation of NF-B was observed for macrophages but not for neutrophils during COPD exacerbations (7). These results suggest that macrophages play an important role in NF-B-mediated pulmonary inflammation. Viral infection, including FluV, activates NF-B through several mechanisms. Viral dsRNA activates NF-B by binding to were greater in Nrf2 Ϫ/Ϫ macrophages than in WT macrophages after treatment with poly(I:C) alone. It was demonstrated previously that TLR signaling generates ROS via activating the NADPH oxidase complex, a major source of intracellular ROS generation (4) . A recent study also demonstrated that NADPH oxidase-dependent ROS generation was greater in Nrf2 Ϫ/Ϫ macrophages than in WT macrophages (22) . It is therefore likely that higher levels of ROS amplify the activation of NF-B in poly(I:C)-treated Nrf2 Ϫ/Ϫ macrophages, since NF-B is a redox-sensitive transcription factor. It was also demonstrated previously that IRF-3 is activated by on November 12, 2017 by guest http://jvi.asm.org/ poly(I:C) treatment alone. CS is a complex mixture of various noxious gases and condensed particles that contain various ROS and inflammatory mediators. CS therefore induces oxidative stress followed by the activation of NF-B by activating the stress-sensitive IB kinase (2) . In WT macrophages, the level of nuclear translocation of Nrf2 was found to be increased after treatment with CSE, suggesting that the activation of Nrf2 in response to oxidative stimuli efficaciously inhibits the virus-induced activation of NF-B in normal cells. On the other hand, oxidative stimuli may strongly amplify the virusinduced activation of NF-B and the induction of its targeted inflammatory genes if cells lack Nrf2.
Immunohistochemistry revealed that strong Nrf2 staining was observed for alveolar macrophages but not for bronchial epithelial cells after FluV infection of CS-exposed WT mice. These findings suggest that the Nrf2-mediated defense system acts mainly on macrophages in the lung tissue. This finding is consistent with our previously reported findings with CS-induced or elastase-induced emphysema models in which Nrf2-targeted antioxidant and antiprotease genes were strongly induced in alveolar macrophages (16, 17) . As stated above, both dsRNA-and CS-induced NF-B activation and its mediated production of inflammatory mediators occur in macrophages. It was previously demonstrated that both FluV infection and CS exposure can generate ROS in phagocytic cells, including macrophages (27) . It is therefore likely that the macrophagespecific activation of Nrf2 efficaciously inhibits the NF-Bmediated inflammatory cascade by reducing cellular ROS levels. In the present study, we found that the levels of markers of oxidative stress and the nuclear translocation of NF-B were much enhanced in the macrophages of CS-exposed Nrf2
Our data demonstrated that the mortality rate of Nrf2 Ϫ/Ϫ mice was significantly higher than that of WT mice in the CS-plus-FluV group. In this group, Nrf2 Ϫ/Ϫ mice exhibited severe inflammation throughout the lungs. Seasonal influenza A viruses, including H1N1, cause inflammation primarily in the larger airways. However, inflammation and injury may spread to lower airways during severe and fatal influenza virus infection (15) . It is therefore possible that smokers who have low levels of Nrf2 activity are a high-risk group for severe influenza virus infection. Other researchers demonstrated previously that the level of Nrf2 expression was decreased in the macrophages of older current smokers and patients with COPD (23, 32) . Viral infection is the leading cause of COPD exacerbations (23, 32) . In the present study, CS-exposed Nrf2 Ϫ/Ϫ mice showed severe pulmonary inflammation, lung permeability damage, and mucus hypersecretion after FluV infection. These phenotypes are characteristic pathological findings of an acute exacerbation of COPD. Taken together, Nrf2 is suggested to be a pivotal host factor in protection against virus-induced COPD exacerbations.
It was demonstrated previously that Nrf2 Ϫ/Ϫ mice were also susceptible to experimental sepsis induced by lipopolysaccharide, a TLR4 ligand (35) , and to pulmonary inflammation induced by respiratory syncytial virus (RSV) (11) , associated with the enhanced activation of NF-B. Although an enhanced viral load in Nrf2 Ϫ/Ϫ mice contributed to the deterioration of airway inflammation in RSV infection (11), Nrf2 may not directly affect the replication and clearance of FluV, since the viral load of WT mice was not different from that of Nrf2 Ϫ/Ϫ mice after FluV infection in the present model. Moreover, the severities of pulmonary inflammation after FluV infection alone were not different between WT mice and Nrf2 Ϫ/Ϫ mice. These differences among viruses may be due to the types of virus or to the potency of ROS production.
In Nrf2 Ϫ/Ϫ mice, the exacerbation of pulmonary inflammation and permeability damage was accompanied by increased levels of KC in BAL fluid cells or lung homogenates. KC, also called as CXCL1, is a mouse ortholog of human GRO-␣, a potent neutrophil chemoattractant belonging to the CXC chemokine family (25) . There is accumulating evidence that CXC chemokines play a role in pulmonary inflammation and lung damage during COPD exacerbations (13, 37) . It was also reported previously that the lack of Nrf2 caused prolonged inflammatory cell infiltration into the lung with a prolonged expression of CXCL2 after hyperoxia (29) . In this regard, Nrf2 is considered a critical factor for the resolution of pulmonary inflammation following oxidative stress by regulating CXC chemokine expression.
In the present study, mucus production and secretion were enhanced in CS-exposed Nrf2 Ϫ/Ϫ mice after FluV infection. Mucus hypersecretion is a typical pathological finding in the airways of those with COPD exacerbations (36) . In bronchial epithelial cells, the expression of MUC5AC, the major mucin protein, was regulated by TNF-␣ (31) and neutrophil elastase (14) . CXC chemokines might also affect the expression of MUC5AC by recruiting and activating neutrophils. An excessive induction of TNF-␣ and KC may contribute, at least in part, to mucus hypersecretion in Nrf2 Ϫ/Ϫ mice. In conclusion, mice lacking Nrf2 were highly susceptible to FluV infection after CS exposure. CS-exposed Nrf2 Ϫ/Ϫ mice showed severe pulmonary inflammation, lung permeability damage, and mucus hypersecretion after FluV infection, phenotypes which are similar to the pathological findings observed for the lungs during COPD exacerbations. Nrf2-mediated antioxidant pathways may play a pivotal role in protection against the oxidant-induced exacerbation of FluV infection by the upregulation of antioxidants, the inactivation of the redox-sensitive transcription factor NF-B, and the dysregulation of NF-B-mediated inflammatory mediators. Thus, Nrf2 might be a potential novel therapeutic target for the prevention of virusinduced exacerbations of inflammatory lung diseases such as COPD.
